During early mammalian embryogenesis, there is a wave of DNA demethylation postfertilization and de novo methylation around implantation. The paternal genome undergoes active DNA demethylation, whereas the maternal genome is passively demethylated after fertilization in most mammals except for sheep and rabbits. However, the emerging genome-wide DNA methylation landscape has revealed a regulatory and locusspecific DNA methylation reprogramming pattern in mammalian preimplantation embryos. Here we optimized a bisulfite sequencing protocol to draw base-resolution DNA methylation profiles of several selected genes in gametes, early embryos, and somatic tissue. We observed locus-specific DNA methylation reprogramming in early porcine embryos. First, some pluripotency genes (POU5F1 and NANOG) followed a typical wave of DNA demethylation and remethylation, whereas CpG-rich regions of SOX2 and CDX2 loci were hypomethylated throughout development. Second, a differentially methylated region of an imprint control region in the IGF2/H19 locus exhibited differential DNA methylation which was maintained in porcine early embryos. Third, a centromeric repeat element retained a moderate DNA methylation level in gametes, early embryos, and somatic tissue. The diverse DNA methylation reprogramming during early embryogenesis is thought to be possibly associated with the multiple functions of DNA methylation in transcriptional regulation, genome stability and genomic imprinting. The latest technology such as oxidative bisulfite sequencing to identify 5-hydroxymethylcytosine will further clarify the DNA methylation reprogramming during porcine embryonic development.
INTRODUCTION
In mammals, both the maternal and paternal genomes are required for the completion of embryogenesis as they are not equivalent due to genomic imprinting [1, 2] . Upon fertilization, the parental genomes undergo dramatic epigenetic reprogramming to form the diploid genome. The paternal genome is actively demethylated within 6-8 hours after fertilization, before the onset of DNA replication, while the maternal genome is gradually demethylated until the blastocyst stage [3, 4] . The conservation of this active demethylation pattern in paternal genomes has been observed in many species such as human, rat, mice, cattle, and pigs [5, 6] but not in rabbits and sheep, where there was little DNA demethylation in the male pronucleus before DNA replication [7] . Nevertheless, genomewide de novo methylation is initiated by the blastocyst stage and established by de novo DNA methyltransferases (DNMT3A and DNMT3B) [8] . The DNA methylation patterns are then faithfully retained by the maintenance DNA methyltransferase (DNMT1) during later development [9] .
The typical wave of global DNA demethylation and remethylation in early mammalian embryos was revealed mainly by anti-5-methylcytosine (5mC) immunofluorescence staining [10] but has been widely accepted for the past decade [11] . Because transposon-related elements cover approximately 40% of mammalian genome and functional genes comprise only ;1.5% of the entire genome [12, 13] , most 5mC immunofluorescence signals are predicted to correspond to multiple copy repetitive regions [14] . However, genome-wide DNA methylation studies indicate a regulatory and genomic locus-specific DNA methylation reprogramming pattern during mammalian preimplantation development [15] [16] [17] [18] . Accordingly, some differentially methylated regions (DMRs) at imprinted loci are resistant to this wave of active paternal and passive maternal DNA demethylation in the zygote and early preimplantation embryo [19] . Similarly, some repeat sequences, such as intracisternal A particle (IAP) elements are also exempted from complete DNA demethylation, although other repeat sequences (e.g., long interspersed elements [LINEs] and long terminal repeat [LTR] retroelements) are substantially demethylated during early embryonic development [20] . In addition, a number of promoter regions in nonimprinted genes also escape the global DNA methylation reprogramming in mouse preimplantation embryos [16] . Most CpG islands display incomplete DNA demethylation by the blastocyst stage although very few CpG islands are capable of resisting postfertilization methylation reprogramming [17] , reflecting diverse DNA methylation options that are dependent upon genomic loci. Strikingly, in mouse gametes and early embryos, DNA methylation contributed by sperm in some retroelements remains unchanged and oocyte-contributed DMRs in many CpG island promoters retain their DNA methylation levels during early embryogenesis [15] . Furthermore, approximately half of germline differentially methylated regions between oocytes and sperm appears to resist genome-wide DNA demethylation in mouse preimplantation embryos [18] . Collectively, these studies suggest diverse DNA methylation reprogramming in preimplantation embryos, where DNA methylation in individual loci is mostly dynamic and stagespecific, possibly related to their functions in transcriptional regulation and genomic stability [21] .
Pluripotency genes, such as POU5F1, NANOG, SOX2, and CDX2, are essential for the segregation and maintenance of embryonic and extraembryonic tissues. The POU family transcription factor Pou5f1 (also known as Oct3/4) is required for inner cell mass formation, pluripotency, and germ cell development in mice [22, 23] . Nanog is specifically localized in nascent epiblasts, thus demarcating the epiblast from the hypoblast, and is the gateway to the ground state of pluripotency in mouse embryos [24] . In addition, promoter DNA demethylation in Pou5f1 and Nanog gene loci is necessary for reprogramming somatic cells into induced pluripotent stem cells in mice [25] . Sox2 acts synergistically with Pou5f1 to maintain pluripotency and regulate germ layer cell fate determination in mouse embryonic stem cells [26, 27] . Cdx2 is required for placental formation by repressing Pou5f1 expression in trophectoderm and is essential for the maintenance of mouse trophoblast stem cell self-renewal [28, 29] . Transcriptional regulation of these pluripotency genes is considered to be governed by epigenetic modifications such as DNA methylation [30] [31] [32] [33] . However, the dynamic DNA methylation profiles of pluripotency genes in vivo have been poorly understood due to the limited amounts of genomic DNA from preimplantation embryos. In mouse embryos, it appears that the regulatory regions of Sox2 and Cdx2 are never methylated, but Pou5f1 and Nanog loci have low levels of DNA methylation in zygotes but are completely demethylated in the inner cell mass (ICM) of blastocysts (Dr. Alexander Meissner, Broad Institute of MIT and Harvard, personal communication). Here we optimized a bisulfite sequencing protocol for small amounts of genomic DNA to address the dynamic DNA methylation reprogramming in pluripotency genes in early porcine embryos. We also examined DNA methylation profiles of a differentially methylated region in the IGF2/H19 imprinted locus and a centromeric repeat sequence. Intriguingly, we found diverse DNA methylation reprogramming patterns in porcine preimplantation embryos.
MATERIALS AND METHODS
Unless described elsewhere, all chemicals and reagents were purchased from Sigma (St. Louis, MO).
In Vitro Fertilization and Embryo Culture
Ovaries were collected from prepubertal gilts in a local Missouri slaughterhouse. Cumulus-oocyte complexes were aspirated and selected based on uniform cytoplasm and multiple layers of cumulus cells. Oocytes were cultured in in vitro maturation (IVM) medium covered with mineral oil for 40-44 h at 38.58C in a humidified atmosphere of 5% CO 2 in air. After maturation, cumulus cells were removed by vortexing in 0.1% (w/v) hyaluronidase in HEPES-buffered saline [34] . Denuded metaphase II (MII) oocytes with visible first polar body were then selected in oocyte manipulation medium (OMM) under a stereo microscope.
For in vitro fertilization (IVF), 30 MII oocytes were transferred to a 50-ll droplet of equilibrated modified Tris-buffered medium (mTBM) covered with mineral oil at 38.58C in 5% CO 2 in air. For each replication, a frozen semen pellet was thawed and washed twice by centrifugation at 1900 3 g for 4 min. The number of spermatozoa was adjusted to 2 3 10 6 cells/ml, and 50 ll of resuspended sperm was added to each droplet containing MII oocytes. The sperm-oocyte-containing droplets were subsequently incubated at 38.58C in 5% CO 2 in air for 4-6 h. Then they were washed three times and cultured in porcine zygote medium-3 (PZM3) with 3 mg/ml bovine serum albumin (BSA) at 38.58C in 5% CO 2 in air. The 4-cell stage embryos were collected at approximately 36 h, and the blastocysts were collected on Day 7. Recipes for media IVM, OMM, mTBM, and PZM3 were assembled as previously described [34, 35] .
Genomic DNA and RNA Isolation and Quantitative RT-PCR
A pool of 30-50 germinal vesicle (GV) oocyte, IVM MII oocytes, 4-cell IVF embryos, and blastocysts (BL) were produced according to the procedure described above. Zonae pellucidae were gently removed by 5 mg/ml pronase under a stereo microscope and immediately neutralized by polyvinyl alcohol, Tyrode lactate buffer with 0.1% BSA (w/v). The zona-free embryos were then washed three times in diethyl pyrocarbonate-treated PBS and then quickly frozen in liquid nitrogen before long-term storage at À808C. Liver was taken from a postnatal 1-week old wild-type piglet. At least three biological replicates were collected for each stage sample. Genomic DNA and total RNA were isolated using AllPrep DNA/RNA Micro kit (Qiagen, Valencia, CA) following the manufacturer's instructions. First-strand complementary DNA (cDNA) was synthesized by using a QuantiTect reverse transcription kit (Qiagen) to remove any potential genomic DNA contamination. Real-time quantitative PCR (qRT-PCR) was performed by using iQ SYBR Green Supermix in an iCycler IQ single-color RT-PCR detection system (Bio-Rad, Hercules, CA). Melting curves were generated following RT-PCR to assess the specificity of the amplicons. Expression levels were analyzed by a relative standard curve method. Gradient dilutions (1/103) of Ref cDNA [36] were used to create standard curves, and the YWHAG (a housekeeping gene encoding 14-3-3 protein gamma) was used as a calibrator gene. qRT-PCR data were obtained from three independent biological and two technical replicates and analyzed statistically by one-way analysis of variance (ANOVA).
Sperm Genomic DNA Extraction
Sperm were collected by centrifugation and incubated with Solution I (PBS-0.8% Triton X-100-0.8% SDS) for 10 min at room temperature to remove somatic cell contamination. After centrifugation for 5 min at 9000 3 g, the supernatant was discarded. Sperm were then rinsed three times in STE buffer (100 mM NaCl-10 mM Tris-1 mM EDTA, pH 8.0) at 9000 3 g for 5 min and subsequently resuspended in 675 ll of STE, followed with the orderly addition of 70 ll of 20% SDS (Thermo Fisher Scientific, Waltham, MA), 50 ll of 0.5 M dithiothreitol, and 5 ll of 20 mg/ml proteinase K (New England BioLabs, Ipswich, MA). Sperm were then incubated at 568C overnight for digestion. The next day, genomic DNA was extracted by phenol-chloroform-isoamyl alcohol (25:24:1) combined with Maxtract high-density tubes (Qiagen). The upper phase containing DNA was further precipitated by 3 M sodium acetate (pH 5.5) and 100% ethanol and washed by 70% ethanol. The DNA pellet was dried completely to remove any trace of ethanol and resuspended with TE buffer (10 mM Tris-HCl-1 mM EDTA, pH 8.0). The quality and quantity of genomic DNA from sperm were evaluated and measured by using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific).
Bisulfite Sequencing
Genomic DNA was treated with sodium bisulfite and immediately cleaned up by using an imprint DNA modification kit (Sigma). Four replicates of bisulfite-treated genomic DNA from GV and MII oocytes, 4-cell embryos, and blastocysts were pooled for subsequent PCR amplification. However, three replicates of genomic DNA from sperm and liver were not pooled because of their abundance. The bisulfite primers were designed by using Methyl Primer Express version 1.0 (Life Technologies Corp., Grand Island, NY) and an online MethPrimer software (http://www.urogene.org/methprimer/index1.html). Large numbers of primer sets were selected and then tested by gradient PCRs with the template of bisulfite-treated liver DNA. Validated primer sequence information is summarized in Supplemental Table S1 (available online at www.biolreprod. org). The nested PCR primers for DMR3 in the IGF2/H19 locus were from a published study [37] . PCR was performed by using a GoTaq Green Master Mix (Promega, Madison, WI) with bisulfite-converted genomic DNA as the template. A typical PCR program (NANOG, POU5F1, CDX2, and SatRep) consisted of an initial denaturation step at 958C for 4 min, followed by 45 cycles of denaturation at 958C for 45 sec, annealing at 568C for 1 min, and extension at 728C for 45 sec. A final extension of 728C for 15 min was also included. For SOX2 primers, two rounds of PCRs were performed using the same program. For DMR3 IGF2/H19 primers, the annealing temperature was 508C for the outside primers and 568C for the inner primers.
The PCR product was loaded in a 1.5% agarose gel, extracted, and purified by using a Wizard SV gel and PCR Clean Up System (Promega). Purified PCR fragments were then cloned into a pCR4-TOPO vector which was included in a TOPO TA cloning kit for sequencing (Invitrogen, Grand Island, NY). The TOPO cloning reaction was subsequently transformed into One Shot TOP10 chemically competent cells (Invitrogen) and grown on Luria-Bertani-kanamycin (50 mg/ml) agar plates overnight. For each transformation, 10-15 clones were randomly selected and plasmid DNA was isolated by using a PureLink Quick Plasmid Miniprep kit (Invitrogen). Plasmids were further screened by PCRs, and only positive clones were submitted to the DNA core at University of Missouri-Columbia for sequencing. The PCR amplifications and subsequent transformation were performed at least twice for each sample.
Data Interpretation
Sequencing data were aligned to the reference sequences by MacVector version 12.0 (MacVector Inc., Cary, NC). Reference sequences were created by ZHAO ET AL.
replacing a ''C'' with a ''T'' in non-CpG sites but leaving the ''C'' in CpG sites intact. The bisulfite treatment converts an unmethylated ''C'' into a ''U,'' which will eventually turn into a ''T'' after multiple cycles of PCR amplification but has no effect on a methylated ''C.'' Therefore, for a fixed CpG site, if it is a ''T'' in the sample sequence, it means this CpG is unmethylated and is represented as an open circle. In contrast, if it is a ''C,'' it means this CpG is methylated and protected from bisulfite treatment, thus, is represented with a filled circle. The representative clones were carefully selected so that each one was at least one nucleotide (either in CpG or non-CpG site) different from another within the amplicon. The clones that had the same sequence information were only counted once. P values of pairwise comparisons were calculated by one-way ANOVA.
RESULTS

POU5F1 and NANOG Underwent Typical DNA Demethylation and Remethylation in Porcine Preimplantation Embryos
To examine the DNA methylation dynamics in preimplantation embryos, we started bisulfite sequencing with POU5F1 and NANOG. The POU5F1 amplicon spanned a CpG island and covered 14 CpG sites within 187 bp, whereas the NANOG promoter region had low CpG density and contained only 10 CpG sites within 500 bp (Supplemental Table S1 ). For the POU5F1 locus, there was a low level of DNA methylation in sperm (Fig. 1A, 8.96% ). DNA methylation levels in GV oocytes (Fig. 1B, 30 .6%) and MII oocytes (Fig. 1C, 11 .5%) were not significantly different (GV vs. MII: P ¼ 0.085). At 4-cell stage, the overall DNA methylation level decreased to 1.53% (Fig. 1D) . When the blastocyst stage was reached, DNA methylation level was still low (Fig. 1E, 7 .09%, 4-cell stage (4C) vs. blastocyst (BL): P ¼ 0.117). This locus was moderately methylated in liver (Fig. 1F, 33 .8%), implying a DNA remethylation event during postimplantation development (BL vs. liver: P ¼ 0.0138).
The NANOG promoter region was hypermethylated in sperm ( Fig. 2A, 91 .8%) but hypomethylated in MII oocytes (Fig. 2B, 2.15% ). At the 4-cell stage, the NANOG promoter was hypomethylated with only 4.03% methylation (Fig. 2C ). Similarly, DNA methylation level was also low in blastocysts (2.53%, Fig. 2D ). The unmethylated NANOG promoter may be 
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associated with its mRNA abundance in 4-cell embryos and blastocysts (Supplemental Fig. S1B ). After implantation, de novo methylation occurred and 51.2% of methylated CpG sites were observed in the liver (Fig. 2E , BL vs. liver: P ¼ 0.0054). In sum, porcine POU5F1 and NANOG underwent a typical wave of DNA demethylation and de novo methylation during porcine early embryogenesis.
SOX2 and CDX2 Loci Resisted DNA Methylation Reprogramming in Porcine Gametes, Early Embryos, and Somatic Tissue
Next, we addressed the DNA methylation profiles in SOX2 and CDX2 loci. We designed bisulfite primers to target 5 0 upstream regions of SOX2 and CDX2 genes. The SOX2 target sequence was 350 bp with 25 CpG sites upstream of transcription start site, and the CDX2 target was 341 bp with 30 CpGs upstream of the coding region (Supplemental Table  S1 ). Both of them had CpG islands with a high density of CG contents. Strikingly, these CpG sites in SOX2 (Fig. 3 ) and CDX2 loci (Fig. 4) were hypomethylated in gametes, 4-cell stage embryos, blastocysts and somatic tissue. The DNA methylation levels were all below 6% and only a few sporadic methylated CpG sites were detected. Nevertheless, this DNA methylation pattern was different from that of POU5F1 which also contained a CpG island (Fig. 1) .
Differentially Methylated Region of the Imprinted IGF2/H19 Locus Displayed Differential DNA Methylation in Porcine Preimplantation Embryos
We selected the IGF2/H19 locus as a representative for imprinted genes. DNA methylation in the imprinting control region of the IGF2/H19 locus is thought to regulate their allelespecific expression by affecting the accessibility of CTCCCbinding factor (CTCF). We performed bisulfite sequencing to examine the DNA methylation profiles on the DMR3 of porcine IGF2/H19 gene locus [37] . The DMR3 was highly methylated in sperm (Fig. 5A, 97 .2%) but hypomethylated in MII oocytes (Fig. 5B, 5.56% ), indicating the paternal allele was methylated whereas the maternal allele was unmethylated. This differential DNA methylation pattern was also evident at 4-cell (Fig. 5C ) and blastocyst stages (Fig. 5D) . In somatic tissue, parental alleles were differentially methylated and nearly half were methylated (Fig. 5E) . Together, the DMR in IGF2/H19 gene locus showed differential DNA methylation and resisted the genome-wide DNA demethylation in early porcine embryos.
Centromeric Repeat Exhibited Moderate DNA Methylation Levels Throughout Embryonic Development
DNA methylation in repeat elements such as centromeres is essential for maintaining chromosome stability [21] . Previous 
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studies by using immunofluorescence staining mainly reflected DNA methylation changes in repetitive gene families and transposable elements [14] . Thus, we selected a centromeric repeat to test whether it experienced DNA demethylation during early embryogenesis. We amplified a 231-bp fragment with 9 CpG sites (Supplemental Table S1 ). Bisulfite sequencing showed moderate DNA methylation levels in sperm (Fig.  6A, 49 .4%), GV oocytes (Fig. 6B, 45 .6%), and MII oocytes   FIG. 3 . The CpG island upstream of the SOX2 was unmethylated during porcine embryonic development. In porcine gametes (A and B) and early embryos (C and D), the CpG island with 25 CpG sites was generally hypomethylated. In addition, DNA methylation level was also low in the liver (E), implying that this locus was able to resist genome-wide de novo methylation after implantation .   FIG. 4 . CpG-rich region in the CDX2 locus maintained hypomethylation in gametes, early embryos, and somatic tissue. Hypomethylation (,6%) was observed in porcine sperm (A), MII oocytes (B), 4-cell stage embryos (C), blastocysts (D), and liver (E). (Fig. 6C, 25 .5%). Interestingly, this moderate DNA methylation persisted in 4-cell stage embryos (Fig. 6D, 49 .4%) and decreased slightly at the blastocyst stage (Fig. 6E, 29.1%) . Nevertheless, the DNA methylation variances during oocyte maturation (GV vs. MII: P ¼ 0.357) and between 4-cell and blastocysts (4-cell vs. BL: P ¼ 0.198) were not significantly different. Therefore, it is hard to presume that a DNA demethylation process took place by blastocyst stage. DNA methylation in somatic tissue (Fig. 6F, 46 .0%) was not significantly different from that of blastocysts (BL vs. Liver: P ¼ 0.190). On the whole, the centromeric repeat maintained moderate DNA methylation during porcine embryonic development.
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DISCUSSION
Diverse DNA Methylation Reprogramming in Porcine Early Embryos
In mammals, DNA methylation plays an essential role in maintaining genomic imprinting, X-chromosome inactivation, transcriptional regulation, and suppression of transposable elements during normal development [21] . The concept that DNA methylation in certain genomic loci is dynamic rather than static is emerging from the latest DNA demethylation studies [38] . In mammalian preimplantation embryos, the overall DNA methylation level first decreases and then increases, following a typical pattern of demethylation and remethylation. In this study we found diverse DNA methylation patterns in early porcine embryos which are dependent upon genomic locus.
The pluripotency genes POU5F1 and NANOG follow a typical wave of DNA demethylation and de novo methylation during embryogenesis which fits well with the general DNA methylation reprogramming manner [11] . The low DNA methylation level in the POU5F1 locus throughout porcine preimplantation development was also seen in normal mouse embryos but not in cloned embryos which experienced gradual DNA demethylation starting from a higher methylation level [39] . In addition, the DNA demethylation pattern in the porcine NANOG promoter is similar to a mouse study which showed Nanog promoter methylation was erased by active and passive ZHAO ET AL. demethylation postfertilization [40] . DNA methylation dynamics in NANOG and POU5F1 may represent a general fashion of epigenetic reprogramming by which gamete-contributed methylation is removed in preimplantation embryos and then reestablished in somatic tissue.
It is generally thought that most CpG islands around the transcription start sites are exempted from DNA methylation when the entire genome undergoes de novo methylation [41] . However, some CpG islands which are associated with longterm silencing such as X chromosome inactivation and genomic imprinting are methylated during specific reprogramming events [21] . The CpG islands in the upstream region of SOX2 and CDX2 loci are hypomethylated and well protected from de novo DNA methylation during normal development. In contrast, the mRNA abundance of SOX2 (Supplemental Fig.  S1C ) was constantly high in gametes and early embryos relative to the reference gene YWHAG whereas CDX2 (Supplemental Fig. S1D ) was only highly expressed in blastocysts. Therefore, the constant DNA hypomethylation in SOX2 and CDX2 loci is not likely to directly modulate their gene expression. Instead, chromatin modifications such as histone methylation and acetylation may be more significantly involved in the transcriptional regulation of SOX2 and CDX2 in porcine early embryos [42] .
The imprinted H19 gene is expressed only from the maternal allele, whereas IGF2 is expressed only from the paternal allele [19] . IGF2 and H19 share a common enhancer downstream of H19. The imprint control region in the paternal allele is methylated and thus prevents CTCF binding so that the enhancer can interact with the IGF2 promoter which eventually initiates the transcription of the IGF2 gene. Simultaneously, DNA methylation also silences H19 transcription from the paternal allele. On the contrary, the imprint control region in the maternal allele is hypomethylated and attracts CTCF binding which abolishes the downstream enhancer activity on the IGF2 promoter, leading to the transcriptional silencing of IGF2 [43, 44] . The allele-specific imprinting by DNA methylation is established during germ cell formation but is maintained during preimplantation embryogenesis [45] . Several bisulfite sequencing studies support the idea that allele- 
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specific DNA methylation of DMR upstream of the H19 gene is faithfully replicated during mouse preimplantation development [46, 47] . However, Park et al. [37] argued that porcine DMR of the IGF2/H19 locus was demethylated at the 8-cell stage but was then remethylated in morulae, and suggested dynamic DNA methylation changes in imprinted genes in porcine embryos. In this study, we observed that the differential DNA methylation pattern in the IGF2/H19 locus was well maintained during embryonic development. However, we did not check DNA methylation levels of this particular DMR at porcine 8-cell, 16-cell, and morula stages. Therefore, there might be dynamic DNA methylation changes between 8-cell embryos and morulae because DMRs in imprinted genes were not always faithfully protected from epigenetic reprogramming events during mouse preimplantation embryogenesis [48] .
In view of the overall DNA methylation levels in the centromeric repeat, there was no sharp demethylation process postfertilization. Instead, partial DNA demethylation appeared after the 4-cell stage but was not statistically significant. The dynamic DNA methylation profile is similar to a previous report [49] except a relatively higher methylation in blastocysts in our study. It is suggested that repetitive sequences show diverse DNA methylation profile during preimplantation development: LINEs and LTRs transposable elements lose methylation dramatically after fertilization, whereas IAPs retain DNA methylation through the blastocysts stage [15, 20] . Collectively, the nontypical DNA methylation programming in the repeat elements underlies a diverse methylation program during early mammalian development.
Modified DNA Methylation Reprogramming Model in Preimplantation Embryos
Genome-scale DNA methylation studies [15] [16] [17] [18] , together with our observations (Fig. 7) , suggest a diverse DNA methylation reprogramming model during mammalian early embryogenesis. First, most of the differentially methylated regions in imprinted genes retain differential DNA methylation pattern throughout early embryonic development although a small number of gametic DMRs show dynamic stage-specific changes and are not fully protected from DNA methylation reprogramming [48] . Second, repetitive elements exhibit bimodal DNA methylation: some elements (LINE 1) obey DNA demethylation and remethylation behaviors whereas others (IAPs and centromeric repeat) maintain moderate DNA methylation throughout embryonic development. Third, some genomic loci (NANOG and POU5F1) are methylated in either sperm or oocytes and undergo DNA demethylation during preimplantation development. Fourth, the CpG islands located in 5 0 upstream region (SOX2 and CDX2) or at housekeeping promoters are generally unmethylated in gametes, early embryos, and somatic tissues. The diverse DNA methylation reprogramming patterns in various genomic loci may be associated with their functions in transcriptional regulation, genomic imprinting and maintaining genome stability.
Provocatively, recent identification of several intermediates such as 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine during active DNA demethylation has further confounded our understanding of the diverse DNA methylation reprogramming in preimplantation embryos [50] [51] [52] . Because conventional bisulfite sequencing is not able to distinguish between 5-methylcytosine and 5-hydroxymethylcytosine [53] , it is conceivable that some 5-hydroxymethylcytosine may be located in the filled circles shown as methylated in this study. The new oxidative bisulfite sequencing to map 5-hydroxymethylcytosine at single-base resolution will further clarify DNA methylation reprogramming during early porcine embryogenesis [54] .
